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Effects of interlayer coupling on the dynamic ordering of vortices
in high-Tc YBa2Cu3O72d /PrBa2Cu3O72d superlattices

W. K. Park and Z. G. Khim
Department of Physics, Seoul National University, Seoul 151-742, Korea

~Received 15 April 1999; revised manuscript received 9 July 1999!

We have fabricated and measured transport properties of high-Tc $YBa2Cu3O72d%8 /
$PrBa2Cu3O72d(PBCO)%n (n52, 4, 8! superlattices in order to investigate the effect of interlayer coupling
on the vortex dynamics. The resistive transition was analyzed based on the theory of vortex fluctuations such
as the Kosterlitz-Thouless vortex-antivortex unbinding transition and two-dimensional~2D! Coulomb gas~CG!
analogy of vortices. We have found out that deviation of the sheet resistance curve from the universal one of
2DCG theory increases as the intervening PBCO layer gets thinner, which can be understood as the result of
a strengthened interlayer coupling. Measurements of current-voltage characteristics revealed further evidences
of the vortex-antivortex unbinding transition. From noise measurements, we observed that the noise power
appeared only in tail parts of resistive transition curves and was strongly dependent on both transport current
and magnetic field, which implies that the vortex motion is the main source of voltage noise in these speci-
mens. The peak value of noise power showed nonmonotonic dependence on the current, while it was sup-
pressed monotonically with increasing field. Maximal noise peak power and the corresponding current value
increased simultaneously as the PBCO layer got thicker. We could understand these behaviors using the
concept of dynamic ordering of vortices, i.e., vortex motion becomes more independent of vortices in other
layers as the interlayer coupling becomes weaker, thereby enhancing the noise power.
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I. INTRODUCTION

Due to their inherent materials characteristics such
high-transition temperature, short-coherence length, large
isotropy, etc, high-Tc cuprate superconductors~HTSC’s! are
well known to have very complicated vortex pha
diagrams.1 In particular, large anisotropy, thought to orig
nate mainly from the layered crystal structures, gives rise
a further complexity in the vortex dynamics. As the anis
ropy increases, we should consider the interlayer interac
between vortices in different layers as well as the in-pla
interaction. Thus, HTSC’s have been investigated ext
sively from the viewpoint of the phase transition in a qua
two-dimensional~2D! system. In an extreme 2D case, t
superconducting transition can be described by the fam
Kosterlitz-Thouless ~KT! theory.2 Evidences of vortex-
antivortex unbinding transition behavior have been obser
by many research groups in YBa2Cu3O72d ~YBCO! system3

as well as in bismuthates4 from the early stage of HTSC era
As more and more research efforts were made, it turned
that a better understanding of these phenomena req
more stringent treatment of these systems including the
terlayer coupling. Thus, recently the role played by the int
layer coupling has been intensively studied. For exam
Wan et al.5 observed a sequential transition due to the int
layer coupling and KT unbinding of vortex-antivortex pai
from the measurement of zero-field resistive transition of
2212 single crystals. More recently, Hellerqvistet al.6 re-
ported on the dynamic ordering induced by the transport c
rent in 2D amorphous Mo77Ge23 films. They found out that
the ordering occurs when the current suppresses the pin
potential sufficiently and that stiffening of the lattice by i
creasing either the film thickness or the applied field redu
PRB 610163-1829/2000/61~2!/1530~8!/$15.00
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the current density required to bring about the ordering.
As the technology of thin film fabrication developed,

became possible to make artificial structures having vari
anisotropy. Thus, by using synthesized HTSC superlatt
we can probe the intermediate regime, that is, the reg
between moderately anisotropic YBCO system and
tremely anisotropic Bi-Sr-Ca-Cu-O system.7–12Many experi-
ments on the vortex dynamics in these artificial structu
have been carried out with measurements of typical trans
properties such as resistivity, current-voltage characteris
Hall effect, etc.13–15 Although it is well known that noise
measurement can enhance our understanding of dynam
systems, there has not been done much systematic stud
the noise properties of a vortex system in HTSC superlatt
with varying coupling strength.16 So, in this study, we
focused on the measurement of noise properties rel
to the vortex motion in a series of HTSC
YBCO/PrBa2Cu3O72d(PBCO) superlattices with differen
modulations. The noise peak power showed a nonmonot
dependence on the transport current in a given system, w
it decreased monotonously with increasing magnetic fie
We also observed that the maximal noise peak power and
corresponding current value simultaneously increased w
the decrease of coupling strength. We could understand t
behaviors by considering a dynamic ordering of vortices.

II. EXPERIMENT

We have grown superlattice thin films by dc magnetr
sputtering with compound targets. The detailed proces
depicted elsewhere.17 Briefly describing, the deposition tem
perature was about 750 °C and the partial pressures o
and O2 gases were 60 mTorr for YBCO, 40 mTorr fo
PBCO, respectively. Firstly, 200 Å-thick PBCO was depo
1530 ©2000 The American Physical Society
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ited as a template layer. Each of YBCO and PBCO lay
with desired thickness was deposited by rotating the s
strate heater block to each sputter gun and subsequently
tering for a predetermined time. This process was repe
10 - 15 times. The terminating layer was always 100 Å-th
PBCO layer to passivate the whole structure. Superlat
modulations were such as (YBCO)8 /(PBCO)n with n equal
to 2, 4, and 8. After the deposition finished, films werein-
situ annealed at about 450 °C under the oxygen atmosp
of 600 Torr for about an hour.

From the x-ray diffraction analysis, we could not obser
any peak other than (00l ) peaks and satellite peaks on bo
sides of them, indicating ac-axis texturing. Calculatedc-axis
lattice parameter was 11.7 Å, in agreement with the repo
value. Satellite peaks were ascribed to the superlattice m
lation, whose wavelength calculated from the separation
satellite peaks was in accordance with the expected va
From the atomic force microscopy analysis of single-la
films, we found out that PBCO layer grows more smooth
compared to other layers with the rms roughness of abo
Å in 4 mm34mm area, which is an extremely small valu
It was about 30 Å for YBCO layer of equal size. As can
expected from these rms values, the thicker the interven
PBCO layer becomes, the better the surface smoothness
rms value of (YBCO)8 /(PBCO)8 in an equal area is about
Å, which is comparable to that of PBCO.

For the measurement of transport properties of supe
tice thin films, we patterned them into a Hall bar geome
using techniques of photolithography and ion milling. T
linewidth was 200mm and the distance between volta
leads was 4 mm. To reduce the contact resistance an
ensure a uniform current flow, we formed contact pads w
gold layer covering edges as well as top surfaces. We
tached lead wires using an indium soldering or a wire bo
ing. The typical contact resistance was smaller than 1V at
temperature belowTc . Transport measurements were do
by the four-probe method. The noise measurements w
performed by the standard lock-in technique using an EG
model 5302 lock-in amplifier of Princeton Applied Resear
in the noise mode. A bias current was applied by a hom
made battery current source to exclude any external n
due to ac sources. The frequency of lock-in amplifier was
at 17 Hz in this study to avoid any existing harmonics a
subhamonics of the 60-Hz noise. A further information
the vortex dynamics may be obtained by the measureme
noise power spectrum, which will be a future extension
current study. We measured noise as a function of temp
ture, depending on the transport current and the magn
field. The applied transport current ranges from 10mA to 1
mA. External magnetic field was applied perpendicularly
both the current and the film plane up to 160 G using
electromagnet.

III. RESISTIVE TRANSITION

Temperature dependence of the resistivity is plotted
Fig. 1. The electrical conductivity shows metallic but som
what disordered behavior in the normal states. This imp
that there might exist some defects such as the mixing
tween YBCO and PBCO layers. To clarify the origin, w
calculated resistivity using the formr5Rwd/ l , whered is
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the total thickness of the sample in Fig. 1~a! and the sum of
thicknesses of YBCO layers in Fig. 1~b!. While the curves in
Fig. 1~a! show substantial discrepancies, they come close
each other in Fig. 1~b!. By simplifying the superlattice struc
ture as a parallel resistor model~alternating YBCO and
PBCO resistors!, we can calculate the resistivity using th
form, d/r5dY /rY1dP/rP, where dY (dP) and rY (rP)
are the thickness and the resistivity of YBCO~PBCO! layer,
respectively. Resultant resistivity curves fall between tho
in Fig. 1~a! and in Fig. 1~b!. If the interface does not play a
significant role in the electrical conduction, these curv
should come closer to those in Fig. 1~b! than to those in Fig.
1~a!, since the transport current will flow dominantly alon
the YBCO layers instead of along the semiconducting PB
layers. Thus, we can conjecture that the interface layer c
tributes some portion to the electrical conduction through
scattering of charge carriers or intermixing of YBCO a
PBCO layers, or any others. This is not in accordance w
the result of Wanget al.18

In the superconducting transition region, resistivity curv
of three specimens show almost the same behavior. Tha
transition onset temperatures (Tc,on) are nearly equal, i.e.
about 85 K, although the zero-resistance temperature sca
a little. Assuming that the overall electrical transport in t
three samples might be due to the same mechanism, we
to explain the resistive transition using a single unifi
model. To begin with, smoothing of a resistivity curv
aroundTc,on is reminiscent of the conductance enhancem
due to fluctuations in the amplitude of order paramet
which was described well by Aslamazov and Larkin.19 The
theoretical form is given as

FIG. 1. Temperature dependence of the resistivity
(YBCO)8 /(PBCO)n superlattices. Resistivity is calculated from th
measured resistance data using the relationr5Rwd/ l , wherew,d,l
is the width, thickness, and length of the sample. Curves in~a! and
~b! are whend is taken as the total thickness and the sum of thi
nesses of YBCO layers, respectively.
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1

R
5

1

Rn
1

1

R0~T/Tc021!
, ~1!

where Rn is the normal state sheet resistance,R0516\/e2

56.583104 V/h, andTc0 is the BCS mean-field transitio
temperature. Instead of using the predicted value ofR0, we
performed two-parameter fitting by varying bothR0 andTc0.
Figure 2~a! shows the sheet resistance fitted to Eq.~1!. Lin-
ear extrapolation from both sides of the transition gives b
to Tc0 of 79 K, which highly deviates from the value of 85
~See Table 1.!

As for the mechanism of resistance curve broadening,
conjectured that flux flow due to the unbinding of vorte
antivortex pairs might be a relevant one. According to
KT theory,2 pre-formed vortex-antivortex pairs start to di
sociate by thermal fluctuations at the KT transition tempe
ture, TKT . These free vortices will generate dissipati
aboveTKT when acted on by the transport current. Negle
ing the pinning, the resistance due to a free-flux motion
given by the Bardeen-Stephen theory.20 On the other hand
according to Helperin and Nelson21, the temperature depen
dence of free vortex~antivortex! density,N1 (N2), is given
by

N15N2'
1

2jab
2

expF22Ab
Tc02T

T2TKT
G . ~2!

FIG. 2. Fitting of the sheet resistance to~a! the conductance
fluctuation model by Aslamazov-Larkin and~b! the form R/Rn

;exp@22(btc)
1/2#, which is predicted by the combination of th

Kosterlitz-Thouless theory and Bardeen-Stephen flux-flow mo
In ~a! we can see that the fitting is rather satisfactory and give
nearly identical fitting parameter ofTc0, i.e.,;79 K and in~b! the
solid lines denote the well-fitted ranges.
h
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e
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-
s

Thus, we can write the flux-flow resistance as

R52pjab
2 ~N11N2!Rn52pRnexpF22Ab

Tc02T

T2TKT
G ,

~3!

whereRn is the normal state resistance,b is a constant of
order unity, andjab512 Å is the coherence length alon
the a-b plane. UsingRn and Tc0 values obtained from the
above resistance fitting to conductance fluctuations, we t
to fit the sheet resistance to Eq.~3!, takingTKT andb as free
parameters. The results are displayed in Fig. 2~b!. We can
see that fitting is good only in the limited temperature ran
near the zero-resistance temperature. Well-fitted tempera
range differs from sample to sample and is indicated by s
straight lines.

Noting the limitation of the KT theory, Minnhagen
pointed out that resistance prediction based on
‘‘asymptotic’’ Kosterlitz renormalization-group equations
valid only over a small temperature interval compared to
width of the resistive transition.22,23 He developed a univer
sal scaling theory for the resistance of a 2D superconduc
starting from the analogy between 2D Coulomb gas and v
tices in a 2D superconductor. According to this theory,
resistance should be scaled by a universal temperature
rameter, X5T(Tc02TKT)/(Tc02T)TKT . Thus, we again
tried another fitting of normalized sheet resistance. The
sults are shown in Fig. 3. Figure 3~a! is the result obtained
using parameters from the previous fittings and Fig. 3~b! by
taking TKT andTc0 as free parameters. We can see that
scaling is more satisfactory when we takeTKT and Tc0 as
free parameters. Fitting parameters are given in Table I. In
ideal case of a strictly 2D superconductor, the curves sho
converge to a single universal curve,22 which is displayed as
a continuous line in the figure. A slight deviation in the fi
ure indicates that these specimens do not behave as a st

l.
a

FIG. 3. Scaling of the sheet resistance by the two-dimensio
Coulomb gas model. Curves in~a! are obtained by usingTKT values
from the KT fitting, and in~b! by taking TKT and Tc0 as free pa-
rameters. We can see that the latter gives better results.
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TABLE I. Characteristic parameters of (YBCO)8 /(PBCO)n superlattice samples.Tc,on is the onset tem-
perature estimated from the linear extrapolation from both sides of the transition andTc,zero is the zero-
resistance temperature.Tc0 is the BCS mean-field transition temperature withTc0

AL obtained from the fitting
using the Aslamazov-Larkin theory of conductance fluctuation,Tc0

M from the universal scaling of Minnhagen
andTc0

IV from I 2V curves.TKT is the Kosterlitz-Thouless transition temperature withTKT
RT obtained from the

flux-flow resistance fitting,TKT
IV from I 2V curves, andTKT

M from the universal scaling of resistance.Rns are
the normal state sheet resistances andR0s are fitting parameters to the conductance fluctuation model.b is the
parameter of order unity in the KT fitting.

(YBCO)8 /(PBCO)2 (YBCO)8 /(PBCO)4 (YBCO)8 /(PBCO)8

Tc,on(K) 84.6 84.8 84.5
Tc0

AL(K) 78.5 79.2 80.5
Tc0

M (K) 79.5 79.8 78.5
Tc0

IV(K) 62.5 59.1 65.3
Tc,zero(K) 59.9 59.8 64.1
TKT

RT(K) 57.3 56.5 62.2
TKT

IV (K) 58.4 56.2 62.2
TKT

M (K) 56.4 58.8 62.2
Rn(V/h) 27.00 39.45 39.50
R0(V/h) 1350 2250 2250
b 3.71 6.48 4.64
ou
s

C
ou
t t
r

r-

-

s

b
o
n

a
n
re
rt
e
y

u
in
n

y
by

n-
-

r-
t

han

hen

an
nt
5

of
ces
e

tran-
-
e
the

-

se
ves.
in-
2D superconductor. We conjecture that the interlayer c
pling might play a role, thus we should take these system
quasi-2D superconductors. In fact, a closer look at Fig. 3~b!
shows that the deviation increases as the intervening PB
layer gets thinner. Therefore, the dynamics of vortices in
specimens can be understood only if we take into accoun
effect of interlayer coupling as well as the intervortex inte
action and the vortex-pinning potential interaction.

IV. CURRENT-VOLTAGE CHARACTERISTICS

Another feature of vortex unbinding transition is a unive
sal jump of exponent in current-voltage (I 2V) characteris-
tics. According to the KT theory,I 2V curves at tempera
tures lower thanTKT show a power-law behavior of the form
V;I 11pK. Here, atT5TKT the reduced Kosterlitz-Thoules
stiffness constantK is given by

K5
2

p
5

p\2ns
0

4m* kBTKTec

, ~4!

wherem* is the effective mass of carriers,ns
0 is an unrenor-

malized 2D superfluid carrier density, andec is an effective
dielectric constant representing the screening strength
tween vortex pairs. Thus, it follows that the exponent
power-law I 2V curves should show an abrupt jump dow
from 3 to 1 with increasing temperature.

I 2V curves at around and belowTc are plotted in a loga-
rithmic scale in Fig. 4. We can see that three data sets
quite similar qualitatively with only a slight difference i
detail. WhileI 2V curves are linear in the high-temperatu
region, at low temperature there appears a nonlinear pa
the high-current limit. This part becomes longer with d
creasing temperature as the linear region shrinks nearl
zero at a certain temperature. This phenomenon can be
derstood by the fact that besides the thermal unbind
vortex-antivortex pairs can also be dissociated by the tra
port current larger than the threshold one (I th) since the Lor-
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entz force acts oppositely on each partner of a pair. Fioret
al.24 argued that this threshold current could be estimated

I th5
2eK~ l W!kBT

\
, ~5!

whereK( l ) is the Kosterlitz-Thouless reduced stiffness co
stant, andl W5 ln(W/jcore) is an experimental length param
eter for a sample of widthW and vortex-core sizejcore. By
taking jcore;12 Å, the in-plane Ginzburg-Landau cohe
ence length atTKT , and W5200 mm in our case, we ge
l W'12.0. ApproximatingK( l ) at largel by K( l )'(1/p)(2
1 l 21) ~valid at T5TKT), we obtainI th'1.67 mA for our
samples. This value is larger by one order of magnitude t
that of Garlandet al.’s estimation25 in composites of indium
and indium oxide. In our case, the nonlinearity appears w
the current exceeds the value;1 mA at T560 K in Fig.
4~a!, in agreement with the estimated value. Thus, we c
confirm that this simple estimation of the threshold curre
further corroborates the vortex-unbinding picture. Figure
shows the temperature dependence of the exponent inI 2V
curves in the low-current limit. Although the appearance
universal jump is not clear, the curves show some eviden
of the involvement of vortex fluctuations. We identify th
temperature where the exponent becomes 3 as the KT
sition temperature.TKT obtained from this scheme is com
pared with those from the resistance fitting in Table I. W
can see that they are consistent with each other. Outside
critical region belowTKT , the superfluid density varies lin
early to the reduced temperature asns

0;12T/Tc0. So, we
conjecture that it can be possible to estimateTc0 by extrapo-
lating the linear region down to 11pK(Tc0)51, as in the
reports by Kadinet al.26 and Garlandet al.25 The estimated
values ofTc0 are 62.5, 59.1, and 65.3 K, respectively. The
do not agree with those obtained from the resistance cur
We consider that these deviations may be related to the
terlayer coupling.
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V. NOISE PROPERTIES

Noise measurements can enhance our understandin
the transport phenomena in HTSC’s.27–37Although much in-
terest for the study of interlayer coupling has been dra
recently, there have not been many reports on noise mea
ments related to the vortex dynamics affected by the in
layer interaction. To study this effect, we measured the te
perature dependence of the noise power spectral density
series of HTSC superlattices with varying strength of int
layer coupling. In the normal state, we observed no sign
cant features except the thermal noise, which is often ca
Johnson noise and originates from the fluctuation of sam
resistance.

Figure 6 shows how the noise power evolves in the tr
sition regime as the current increases. There are some no
able features common to all the data. Firstly, as the temp
ture is lowered, the noise power appears far below 78
where the derivative of resistance (dR/dT) is maximal,
which is in contrast with other reports that the noise pe
appears wheredR/dT is maximal.29 Thus, we can exclude a
resistance fluctuation mechanism as a major source of
noise. In fact, the noise peak appears near the tail par
resistance curve. The temperature where the noise power
minates does not scatter so much within our experiment

As for the current dependence, it is a common behavio

FIG. 4. Current-voltage characteristics of (YBCO)8 /(PBCO)n
superlattices. Each curve was obtained at constant temperatur
~a!, n52 and temperatures are 64.9, 62.9, 60.6, 59.6, 58.9, 5
57.7, 57.0, 56.5, 56.0, 54.9, and 53.1 K.n54 in ~b! and they are
64.2, 61.4, 59.8, 59.1, 58.2, 57.7, 57.4, 56.8, 56.2, 55.6, 55.0, 5
53.3, 52.1, and 50.8 K. In~c!, n58 and they are 67.7, 66.6, 65.6
65.0, 64.5, 64.0, 63.5, 63.0, 62.5, 62.0, 61.7, 60.9, 59.8, and 58
for
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our three specimens that the noise peak becomes broad
stronger up to a certain critical current, which we denote
I p , but it gets weaker aboveI p . The noise power was no
enhanced for a current larger than a second critical o
which we designate asI d . For the qualitative explanation o
this, to begin with, recall that we could describe the resist. In

.4,

.3,

K.

FIG. 5. Exponent ofI 2V curves in the form of power-lawV
;I 11pK. The exponents are determined in the low current lim
We can observe a jump down of the exponent as the temperatu
increased. The temperature where the exponent becomes 3 is
tified as the Kosterlitz-Thouless transition temperature.

FIG. 6. Spectral density of the noise power
(YBCO)8 /(PBCO)n superlattices as a function of temperatu
when the transport current is varied.n52, 4, and 8 in~a!, ~b!, and
~c!, respectively. The pick-up frequency is fixed to 17 Hz and
magnetic field is not applied.
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transition and current-voltage characteristics based on
theories of vortex fluctuation. Vortex unbinding by therm
fluctuations will occur completely atTKT , when there exists
a mixture of free vortices and antivortices in equilibrium
Most of free vortices and antivortices will stay at pinnin
sites under no applied current. In this case, no noise ex
the thermal one can be detected. Applying a driving curr
to the sample, we can move them unless the driving forc
smaller than the pinning force. Because the driving force
acted on them oppositely, they will move in opposite dire
tions. However, the induced emfs by moving vortices a
antivortices are added in the longitudinal direction, althou
they are canceled in the transverse component. So, we
expect that the longitudinal voltage drop will be enhanced
the current is increased. For a current smaller thanI p , we
observed an enhancement of noise with increasing curr
This can be explained if we think that vortices and antiv
tices are moving more randomly until a steady flux flow
established. A current larger thanI p will prevent them from
moving chaotically, so a more or less ordered state
achieved. Thus, the noise peak will be suppressed un
saturation is reached atI 5I d . This phenomenon is summa
rized in Fig. 7, where we plot the noise peak power (Sp) for
each current value. We can also see that the maximal n
peak power and the corresponding current increases with
creasing PBCO layer thickness.

The dynamics of vortices in a layered superconductor w
be influenced by the interlayer coupling as well as by
intervortex interaction. In this respect, we noticed Hellerqv
et al.’s report6 on the current-induced ordering of vortices
2D Mo77Ge23 films. According to them, the ordering occu
when the intervortex interaction dominates the disorder
tential. They also argued that stiffening of the vortex latt

FIG. 7. Current-dependence of the noise peak power in e
curve in Fig. 6. The noise peak power shows a nonmonotonic
havior.
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by increasing either the film thickness or the applied fie
reduces the current density required to bring out the dyna
ordering. We can explain our noise data by a simple analo
Firstly, the superlattice sample can be regarded to hav
smaller anisotropy as the intervening layer gets thinner. T
means that vortices will behave as flux lines
(YBCO)8 /(PBCO)2, while they can be taken as pancakeli
in (YBCO)8 /(PBCO)8. Therefore, vortices in each YBCO
layer of a superlattice will move more correlatedly as t
PBCO layer gets thinner. In this case, dynamic ordering
be brought about by a rather small current. On the ot
hand, if the correlation between vortices in different laye
gets weaker, relatively large current is required to induc
dynamic ordering. Interpreting the noise power in terms
dynamic ordering of vortices, we can consider a one-to-o
correspondence between the extent of ordering and n
power. The increase of maximal noise peak power with
creasing PBCO layer thickness is naturally explained us
the above arguments. Namely, large randomness of vo
motion is expected when the vortex becomes 2D in natu
whence a large noise power is resulted. Another point
explain is the multiple peaks appearing only
(YBCO)8 /(PBCO)2. We believe the peaks accompanyin
the main one near 65 K might originate from some inhom
geneities in the sample. For example, mixing betwe
YBCO and PBCO layers in the interface region can give r
to local fluctuations ofTc .

Now let us turn to the field dependence of the no
power, which is plotted in Fig. 8. In contrast to the curre
dependence, we found out that the noise behavior wit
magnetic field shows a monotonous trend, i.e., the no

ch
e-

FIG. 8. Spectral density of the noise power (YBCO)8 /(PBCO)n
superlattices as a function of temperature when the magnetic fie
varied.n52, 4, and 8 in~a!, ~b!, and~c!, respectively. The pick-up
frequency is fixed to 17 Hz and the current value is indicated in
figure.
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peaks get suppressed as the field is increased. This is
mon to all the investigated samples, and clearly visible
Fig. 9, where we plotted the noise peak power versus
magnetic field. In fact, there have been some reports o
monotonous decrease of noise subjected to a magn
field.30–32 Voss et al. measured noise of aluminum and t
films as a function of current and field.30,31They ascribed the
noise reduction by the magnetic field to the decrease of m
free path, therefore the reduced phase slip giving a s
pressed noise power.

The applied magnetic field increases the total numbe
free vortices and antivortices by reducing the effective
transition temperature, while introducing the fixed differen
in the number density, i.e.,N12N25B/F0'H/F0. Here,
recall that we could describe the resistive transition using
flux-flow models. Then, as described in the above, these
vortices and antivortices will give rise to the voltage noise
the longitudinal direction. At first, let us consider the case
weak interlayer coupling, where we have only to consid
the in-plane interaction, although there are additional in
actions between dissociated vortex-antivortex pairs
field-induced vortices as well as the effects of pinning a
interlayer coupling. The interaction is expected to incre

FIG. 9. Field dependence of the noise peak power in each c
in Fig. 8. We observe that the noise peak power is suppre
monotonically as the field is increased. Inset: fitting of the no
peak power to a power-law formSp5S0(H0 /H)a. a differs from
sample to sample.
m-
n
e
a
tic

an
p-

f

e

e
ee

f
r
r-
d
d
e

monotonously as the magnetic field~hence the vortex den
sity! is increased. Then, vortices will move collective
rather than independently. As a result, the dynamic orde
could be established more easily than in the case of an in
pendent motion. Thus, we can expect that noise will be s
pressed for a given current if the magnetic field is increas
as is evident in Fig. 9.

The suppression rate of noise peak power may be rel
to the interlayer coupling strength and is different depend
on it. We tried to estimate it by fitting the data to a function
form of Sp(H)5S0(H0 /H)a, and the results are shown i
the insets of Fig. 9. The exponent,a, is 0.24~for the main
peak!, 0.5, and 0.42 for n52, 4, and 8 in
(YBCO)8 /(PBCO)n . A noticeable feature for
(YBCO)8 /(PBCO)2 sample is thata decreases linearly a
we move to the peak at a higher temperature. This imp
that the noise suppressions may be due to different me
nisms, although it may involve the vortex interaction ba
cally. When the interlayer interaction is strong enough, e
ties giving a voltage drop~hence noise! are flux lines.
Meanwhile, pancake vortices will induce the electromoti
force if the interlayer coupling is weak. In this case, maxim
noise peak power is resulted when the randomness of
cake vortex motion is maximized. The suppression rate w
be determined by the competition between intervortex in
action in the same plane and in different planes. More stu
including a simulation of vortex motion, is required for
more quantitative understanding.

VI. CONCLUSIONS

Through the measurement of resistivity and curre
voltage characteristics in a series of HTSC YBCO/PBC
superlattices with varying coupling strength, we have fou
out that the superconducting transition could be described
vortex fluctuation theories considering the interlayer co
pling. Noise measurements revealed that the noise in
transition region is originated from the vortex motion inste
of conductance fluctuations. The noise peak power show
nonmonotonic dependence on the transport current, whi
decreased monotonously with increasing magnetic field
addition, the maximal noise peak power and the correspo
ing current increases simultaneously with decreasing in
layer coupling. We have shown that these behaviors could
explained in terms of dynamic ordering of vortices by taki
into account both the in-plane and interlayer vortex inter
tions
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